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INTRODUCTION

Can the world’s oceans be used to monitor
global warming? NRL is conducting theoreti-
cal/numerical investigations into the physics of
ocean basin-scale acoustic transmissions to help
answer this provocative question. If the coupled
atmosphere/ocean system is warming at rates
estimated from known greenhouse gas increases,
sound travel times across major ocean basins
may provide one of the most stable and accessi-
ble measures of major trends in global average
temperature [1].

Acoustic Thermometry

The oceans contain a significant fraction of
the ecosphere’s heat content. It has been esti-
mated that the oceans have absorbed about half
of the heat content involved in temperature
trends averaged over the past century. Measure-
ments of sound propagation times across major
ocean basins can provide temperature informa-
tion averaged over large ocean volumes contain-
ing heat stored or lost during atmospheric tem-
perature changes. The use of sound to measure
temperature changes is referred to as acoustic
thermometry. The Defense Advanced Research
Projects Agency (DARPA) has recently initiated
a multiyear program for Acoustic Thermometry
of Ocean Climate (ATOC).

The sound speed of ocean water depends
upon temperature, salinity, and pressure. Its
most sensitive dependence is upon temperature,
increasing on the order of 0.3%/° C warming.
The measured atmospheric warming rate aver-
aged over the past century is approximately

0.02° C/yr [2]. From this rate, modelers esti-
mate a present warming rate 1 km below the
ocean surface of roughly 0.005° C/yr [1]. Since
measured sound transit times across the long-
est known ocean acoustic paths are roughly
10,000 s, the estimated present warming rate of
the deep ocean should decrease the transit time
by slightly more than 0.1 s/yr, a rate within the
range of present measurement technology. Tran-
sit time measurements over a multiyear program
may reveal whether the ocean is indeed warm-
ing at rates that might be of societal concern.

The Heard Island Feasibility Test

In January 1991, an ocean experiment of
unparalleled interest and international coop-
eration was conducted from the vicinity of
Heard Island in the Indian Ocean (Fig. 1). The
Heard Island Feasibility Test (HIFT) was pro-
posed and executed by Munk and colleagues [1]
to establish whether sound from nonexplosive
sources can be detected across major ocean
basins and to provide a testbed for signal trans-
mission algorithms. The location was chosen for
its access to high-quality acoustic paths to both
coasts of North America and other potential
listening stations (some of which are illustrated
in Fig. 1). A vertical array of ten sources oper-
ating near a center frequency of 57 Hz and
generating approximately 100 kW total acoustic
power was deployed near a mean depth of
175 m. A total of 18 installations consisting of
oceanographic ships and/or hydrophone stations
were donated by nine countries to listen for the
signal in all major ocean basins except the
Arctic. Cooperation with the experiment was
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Fig. 1 — Calculated propagation paths from Heard Island to receivers at Ascension {(A), Bermuda (B),

Christmas (C), Oregon (D}, and California (E). Each acoustic normal mode may in principle follow a different
path: mode 1 is white, 2 is magenta, 3 is yellow, and 4 is red. Color scale for ocean depth: red is 0-200 m,
yellow covers 1-2 km, and black is 6 km or more.

voluntary and without international organiza-
tional structure. Receptions of good to excellent
quality were obtained at most stations. Ade-
quacy of source levels was established, and
timing accuracy had been established in earlier
experiments as 0.001 s for a 1000 km path.

Why the Ocean?

The deep ocean has been known for de-
cades to be a truly remarkable waveguide for
long distance propagation of sound. The deep
ocean sound speed as a function of depth typi-
cally reaches a minimum at a depth of roughly
1 km (Fig. 2). Proceeding down from the sur-
face, the sound speed first decreases because of
decreasing temperature. At great depth, temper-
ature and composition parameters are roughly
constant. The sound speed then begins to in-
crease gradually downward because of increas-
ing hydrostatic pressure. The roughly horizontal
layer near the sound speed minimum is referred
to as the ocean sound channel; the locus of the
minimum is known as the axis of the sound
channel. Snell’s law for acoustic propagation in
the deep ocean states that rays representing a
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propagating wave bend toward water of lower
sound speed. A consequence of the existence of
a vertical minimum in sound speed is that low
grazing angle rays oscillate about the sound
channel axis. Over long distances, they trace out
approximately sinusoidal curves with wave-
lengths of order 50 km. Rays that oscillate
about the axis without touching the surface or
bottom are considered ‘‘trapped’’ in the sound
channel.

Ray descriptions of wave propagation repre-
sent a high frequency approximation. To obtain
a more accurate description of ocean acoustics
at frequencies below roughly several hundred
Hz, one deals with the continuous wave field of
acoustic pressure oscillations. As with many
cases of small amplitude oscillations in physics,
it is helpful to resolve the acoustic pressure field
into normal modes. Figure 2 shows the normal
mode representation of trapped acoustic waves
in the sound channel. These modes propagate
horizontally in the sound channel, free of
strongly dissipative interaction with the ocean
surface or bottom. At low frequencies (e.g.,
30-100 Hz), volume attenuation processes such
as viscosity or molecular relaxation fall in the
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range of 10™* to 107> dB/km. Signals in this
frequency range have been received halfway
around the world from their source, their ampli-
tudes gradually decreasing as the inverse square
root of distance (i.e., cylindrical rather than
spherical spreading caused by the vertical con-
striction of the ocean waveguide).

Why not make measurements directly in the
atmosphere? Atmospheric temperature records
have been kept for over a century [2], but they
are subject to major oscillations from weather
systems and seasonal variation. Indeed, one has
to average over decades just to begin assessment
of a trend. Is acoustic thermometry over a large
volume of atmosphere feasible? The atmosphere
contains an acoustic waveguide caused by a
vertical minimum in sound speed occurring in
the stratosphere, and it exhibits an increase of
sound speed with temperature comparable to
that of the ocean. The atmosphere, however, is
far too active, lossy, and plagued with natural
and manmade noise to permit global scale sound
transmission experiments to obtain volume-
average temperature trends.

ACOUSTIC PROPAGATION PATHS

Two issues remain unanswered in the con-
ceptual task of using ocean thermometry to
monitor global warming: ambient variability and
multipath in the received signal. The NRL work
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addresses the second. If two or more paths exist
to the receiver because of reflection or refrac-
tion, establishment of travel times may be im-
peded by signal interference among the different
paths. Understanding of detailed propagation
paths may help in the choice of acoustic array
location and/or interpretation of receptions.

The Perth-to-Bermuda Benchmark

An example of NRL’s use of theoretical/
numerical models to interpret experimental
results is the 1960 acoustic propagation from a
set of TNT charges detonated in the ocean near
Perth, Australia. The experiment sought to
detect the detonations with a set of hydrophones
in the ocean near Bermuda, within 200 km of
the antipode of the source location. The concep-
tual model used to locate the source and re-
ceiver was that of acoustic rays following great
circles on a spherical Earth surface. All great
circles through a given point meet exactly half-
way around the globe. The convergence of rays
on the antipode implies signal intensification;
the signal should be of locally maximum ampli-
tude near the antipode and hopefully detectable.
Assuming sound propagation along great circles,
there appeared to be an open water path be-
tween source and receiver (Fig. 3).

The experiment was an apparent success.
Approximately 13,000 s after the detonation of
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Fig. 3 — The great circle path from Perth to Bermuda compared to
the geodesic (shortest distance path) on an ellipsoidal Earth as
distorted by rotation. The large departures between great circle and
geodesic result from the end points being very nearly antipodal.
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Fig. 4 — Strip chart from the 1960 Perth-Bermuda transmission. Approximately
13,000 s after the detonation of each 300-Ib TNT charge, a pair of arrivals sepa-
rated by approximately 30 s was recorded near Bermuda. The inset in the upper left
gives the mode arrivals as calculated from the NRL adiabatic mode model.

each TNT charge near Perth, a pair of arrivals
separated by approximately 30 s was recorded
on the Bermuda receivers (Fig. 4). The double
arrival structure had not been anticipated, but
was conjectured to have resulted from an un-
identified multipath. It was realized some years
later that two important effects had been ignored
in analyzing the 1960 experiment: (1) the dis-
tortion of the Earth’s shape caused by rotation,
and (2) the horizontal gradient in the ocean’s
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acoustic index of refraction caused by the pole-
to-equator temperature gradient. The importance
of the Earth’s nonsphericity can be seen in

Fig. 3, which compares the great circle path
from Perth to Bermuda to the corresponding
geodesic on the ellipsoid that most closely rep-
resents the Earth as distorted by rotation (no
refractive effects are included in Fig. 3). The
geodesic path is considerably to the south of the
great circle, but is apparently a clear water



path. The attempt to correct for the refractive
effect, however, was not greeted with apparent
success.

In 1988, a refractive correction was com-
puted [3] for the Perth-Bermuda path using the
assumption that sound trapped in the sound
channel propagates at the vertical minimum
sound speed of the channel. This assumption
allows a three-dimensional sound speed field ¢
to be replaced with the two-dimensional field
C,in» the minimum of ¢ over depth. The 1988
work further simplified the calculation by as-
suming that c,,, depends on latitude only, ap-
proximating the average north-south refractive
gradient. The eigenrays (which connect source
and receiver and satisfy a differential form of
Snell’s law in the intervening medium) calcu-
lated from these assumptions were displaced
to the north and beached on the east coast of
Africa, leaving the Bermuda receiver deep in a
shadow zone. Considerable interest was stirred
in explaining why the 1960 experiment worked.
A global scale acoustic model should be able to
explain Perth-Bermuda if it is to address compa-
rable future experiments with success.

THE NRL EFFORT

The current NRL project in global acoustic
propagation began in 1990 with an attempt to
understand the negative result in the 1988 re-
fraction calculation. It consists of two numeri-
cal/theoretical modeling areas: (a) adiabatic
mode calculations for determination of acoustic
normal modes, horizontal propagation paths of
the modes, and times of flight and (b) newly
emerging developments in parabolic equation
(PE) methods for integrating outgoing wave
fields in two dimensions—depth and range.

Adiabatic Normal Modes

We have used adiabatic mode theory to
calculate horizontal phase speeds ¢, (n = 1, 2,
... being the mode number) as a function of
latitude and longitude from existing ocean data-
bases. From c, and Snell’s law, we find the
horizontal path taken by mode n. The three-
dimensional acoustic wave field may be repre-
sented as a sum over normal modes each pos-
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sessing two-dimensional (horizontal) propagation
characteristics. Adiabatic normal mode theory
assumes that the ocean waveguide varies so
slowly in the horizontal that energy in mode n
at any given location remains totally in mode n
as the signal propagates through the waveguide.
Calculation of the vertical normal modes yields
the horizontal phase speed for each mode, in-
cluding dependencies on ocean and bathymetric
parameters. In general, modal phase speeds
increase toward shallow water. A result of this
dependency in light of Snell’s law is that sound
rays tend to veer away from bathymetric fea-
tures and toward deeper water.

Upon numerical integration of the horizon-
tal ray equations derivable from adiabatic nor-
mal mode theory [4], we found that each of
the first several modes possesses multiple eigen-
ray solutions for the Perth-to-Bermuda path.
Figure 5 illustrates the five eigenrays found for
mode 1 and six for mode 2. Northern and
southern eigenray bundles (denoted A and B)
result from blockage of the intervening region
by Kerguellen Banks (near 70° E longitude).
Micromultipath within bundles A and B results
from grazing bathymetric reflections in regions
denoted by rectangles. Integration of group
travel times along the modal propagation paths
yielded good agreement (Fig. 4) with the exper-
imental data, including the double arrivals.

Even though the experimental data are 30
years old, the NRL work since 1990 has pro-
duced the following unexpected but quantita-
tively sound interpretation of the Perth-Bermuda
results: The first of each double arrival is a
signal along the shorter and faster path A, with
the second being along the longer and slower
path B. (By faster, we mean that the average
sound speed is higher. This is a result of the
waters along path A being warmer than those
along path B.) The pulse widths at the receivers
are consistent with the calculated levels of dis-
persion in the ocean waveguide along the propa-
gation paths.

The PE Method
The PE method, which accounts for cou-

pling of energy between modes, involves ap-
proximating the full wave equation with a
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Fig. 5 — Modal eigenrays for the Perth-Bermuda experiment as

calculated by the NRL model

one-way wave equation that may be solved
efficiently. The PE method is accurate because
its assumptions about how sound propagates are
generally applicable to the ocean: energy is
mostly outgoing, and the speed of sound varies
gradually in the horizontal directions. Until
recently, PE solutions were obtained with the
following two-step procedure: (1) apply a Padé
approximation (which is more accurate than a
Taylor series) to derive a one-way wave equa-
tion and (2) apply standard numerical techniques
to solve the one-way wave equation.

It is possible to combine these steps so that
the robustness of the Padé approximation is
exploited to reduce both asymptotic and numeri-
cal errors [5]. A PE model based on this ap-
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proach is about two orders of magnitude faster
than contemporary PE models with similar
capability. Once the horizontal propagation
paths are determined, this PE model is used to
solve for the outgoing wave field in the two-
dimensional space defined by depth and horizon-
tal range along the propagation path. Since the
new PE model permits very large steps in the
range integration, it is practical to consider all
of the major HIFT propagation paths.

THE HEARD ISLAND RESULTS
Several features of the 1991 HIFT data are

in excellent agreement with expectations. Many
of the listening stations received clear signals;



most arrival angles were in close agreement
with the NRL model’s calculated eigenrays [6].
Launch angles for the eigenrays (inferred exper-
imentally from Doppler shifts at the receivers)
were also in general agreement with eigenray
calculations. At Christmas Island, the received
signal contained a Doppler shift that was used to
infer source motion along the line of sight. The
source ship’s motion recorded via satellite
agreed with the Doppler-inferred position within
10 m over the course of one hour’s transmis-
sions.

There were, however, some surprises.
Some of these remain unresolved, but some
have found interpretation via the NRL model.

A vertical array off California detected approx-
imately eight modes surviving the nearly

18,000 km flight from Heard Island. It had been
expected that bathymetric interaction near New
Zealand would strip off modes higher than the
first few, since shallow coastal seafloors absorb
energy preferentially from high modes.

Another surprise was the complexity of the
signal received at Christmas Island. The propa-
gation path from Heard to Christmas was pri-
marily south-to-north, so that the signal spent
minimal time in the dispersive conditions near
the Antarctic Circumpolar Convergence. A
synthesized 0.1-s pulse transmitted from Heard
had spread to over 5-s width in 5,500 km prop-
agation to Christmas. Despite the phase stability
implied by the accuracy of the received Doppler
shift, the signal amplitude structure within the
5-s pulse width changed markedly during trans-
missions repeated at 45-s intervals.

The NRL Predictions

Figure 1 shows modal propagation paths
from Heard Island to major receiving stations,
as computed by the NRL adiabatic mode model.
For most of the paths, results for travel time
and signal bearing at the receiver agreed with
experimental data. The paths through the Tas-
man Sea (between Australia and New Zealand),
however, were apparently blocked or subject to
strong absorption. A Japanese team near Samoa
failed to receive signals along this path. As
determined from signal travel time and bearing
at the receiver, a hydrophone installation off the

coast of Oregon received the signals passing
south of New Zealand, but the ones through the
Tasman Sea were not detected.

Figure 6 gives the NRL model interpreta-
tion of the signals received at a vertical array
off San Diego. Figure 6(a), gives the propaga-
tion path for mode 1. In Fig. 6(b) we give a
depth-range PE calculation of the sound inten-
sity along the mode 1 path. The calculation is
initialized near Heard with a point source at
175 m depth. In Fig. 6(b), one sees evidence of
bottom loss from Heard to the southernmost
point (B) of the ray path and then on the shoul-
ders (C) of the New Zealand plateau. Many
modes are present at zero range as a result of
point source excitation. One sees rather modest
exchange of energy between modes until just
before the New Zealand plateau (C). Just before
the shallowest water along the path, Fig. 6(c)
reveals that modes higher than about 9 suddenly
disappear. Figure 6(b) at this point indicates the
sudden presence of deeply penetrating sound in
the bottom, i.e., mode dumping. Past the New
Zealand plateau, there is only modest modal
redistribution. When the ray reaches California,
the first eight modes are well populated. This
result is consistent with the vertical array’s
unexpected reception of roughly eight modes off
California. The NRL model attributes the origin
of these modes to bathymetric interaction south
of New Zealand.

One of the HIFT exercises demonstrated
“‘pulse compression’’ by transmitting different
frequency components of a short pulse in differ-
ent time windows. The frequency components
were later combined in a common time window
during signal processing. The simulated wave-
train consisted of five cycles of a 57 Hz sine
wave, for a total pulse length of approximately
0.09 s.

The various frequency components of the
pulse were transmitted with coded phase shifts
for identification purposes. After propagating a
distance of 5,500 km (Heard to Christmas Is-
land), the signal components were recorded and
later superimposed numerically. The synthe-
sized pulse revealed unexpected multiple arri-
vals with an envelope of width approximately
5 s (Fig. 7). On the Heard-Ascension Island leg
(9000 km, result not shown here), the pulse
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Fig. 6 — Depth-range PE calculation from Heard Island to the array off San Diego for a point source at 175 m depth. (a) The
ray path used is that for mode 1 at 57 Hz, {b) acoustic intensity and bathymetry along the ray, and {c} modal excitation
levels along the path for modes 1 to 30. The vertical extent of Fig. 6(c) is divided into 30 strips for modes 1 to 30. The
maximum mode amplitude at any given range is represented by red and the minimum by black.
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Fig. 7 — (a) Pulse-compressed transmissions as received at Christmas Is-
land, 27 January 1991. The transmissions were repeated at 45-s intervals;
and (b) solid line is average intensity for {(a). Dashed line with dots denot-
ing maxima: NRL Heard-to-Christmas Island pulse calculation. (Figure

courtesy of K. Metzger, University of Michigan.)

width had spread to roughly 7 s. Different
transmissions of the same pulse along the same
path resulted in different microstructure in the
reconstructed pulse, but the length of the syn-
thesized pulse train was fairly consistent from
transmission to transmission.

In Fig. 7, we give model calculations and
experimental results for time domain pulse
transmission from Heard to Christmas Island.
Our numerical Heard-to-Christmas pulse trans-
mission was carried out using mode theory with
coupling terms to account for the exchange of
energy between modes during interaction with
bathymetry. We are in the process of repeating
the pulse transmission calculation with the PE
for comparison. The calculation illustrated in
Fig. 7 excited 30 vertical modes appropriate to
point source excitation at 175 m depth. For
each mode, coupled mode calculations were per-
formed for 21 equally spaced frequencies be-
tween 52 and 62 Hz. Resulting modal phase
speeds were interpolated to a fine set of 512

frequencies and used to synthesize a pulse con-
sisting of five cycles of a 57 Hz sine wave. All
integrations were carried out on the 57 Hz mode
1 path. Although this compromises the separate
identity of modal paths, it should be a good
approximation. Fermat’s principle states that
along eigenrays, the path integrated phases are
stationary with respect to ray displacement.

While microstructure in the results shown
in Fig. 7 differs considerably from that of the
experiment, the temporal spread and shape of
the pulse envelope is fairly reasonable. One
should not even hope for detailed agreement
with observed microstructure since it changed
with each pulse transmission. The approximate
agreement in wavetrain envelope indicates that
our calculated modes are subject to approxi-
mately the right levels of dispersion (i.e.,
differences in group velocity). In any event, our
calculation appears to capture complex arrival
structures not anticipated by experimentalists for
this path.
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SUMMARY

The NRL global-scale acoustic propagation
models are being used in support of an experi-
mental effort to monitor global warming. These
models have yielded new interpretations of
global-scale ocean acoustic propagation data,
suggesting that horizontal multipath must be
taken into account when designing global-scale
acoustic networks and analyzing data. The NRL
models are currently being used to analyze the
results of the Heard Island Feasibility Test. The
capability represented by the NRL models will
contribute to a multiyear DARPA program,
Acoustic Thermometry of the Ocean Climate
(ATOC). The goals of ATOC are to monitor
temperature trends in the deep ocean as one
means of detecting global warming.
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Cover Photo

Top panel: Sound propagation paths from the Heard Island
Feasibility Test site to various receiver stations as computed
by NRL.

Middle panel: Intensity of sound in the ocean as a function
of depth and range along the southernmost path. The
signal interacts strongly with bathymetry southeast of New
Zealand.

Lower panel: llustration of modal structure evolution along
the southernmost path. Modes 1 through 30 are repre-
sented by thin horizontal strips. In this example, mode 1 is
selectively excited in the NRL model. Higher modes are
generated by bathymetric interaction near New Zealand.
Results are consistent with observations off California.
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